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ABSTRACT 
Three-way helical junctions (3WJs) arise in genetic processing, and they have architectural 
and functional roles in structured nucleic acids. An internal bulge at the junction core allows the 
helical domains to become oriented into two possible, coaxially stacked conformers. Here, the 
helical stacking arrangements for a series of bulged, DNA 3WJs were examined using ensemble 
fluorescence resonance energy transfer (FRET) and single-molecule FRET (smFRET) approaches. 
The 3WJs varied according to the GC content and sequence of the junction core as well as the 
pyrimidine content of the internal bulge. Mg2+ titration experiments by ensemble FRET show that 
both stacking conformations have similar Mg2+ requirements for folding. Strikingly, smFRET 
experiments reveal that a specific junction sequence can populate both conformers and that this 
junction undergoes continual interconversion between the two stacked conformers. These findings 
will support the development of folding principles for the rational design of functional DNA 
nanostructures. 
 
 
  
 
 
 
 
 
 
 
GRAPHICAL ABSTRACT 
 
 
 
HIGHLIGHTS 
• Stable folding of bulged, three-way DNA junctions depends on the Mg2+ concentration 
• The pyrimidine content of the bulge can specify the coaxial stacking arrangement  
• Bulged, three-way DNA junctions can interconvert between the two stacked conformers 
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INTRODUCTION 
Three-way junctions (3WJs) are common elements in structured RNA molecules and in 
DNA processing, and they have with a growing number of applications in DNA and RNA 
nanostructures. These structures serve architectural roles to position and orient helical domains, 
and the junction cores can have functional roles as sites for ligand binding and catalysis for 
structured RNAs, including catalytic RNAs [1-3], ribosomal structures [4, 5], and viral elements 
[6]. Although the natural occurrence of DNA 3WJs is limited to recombination [7] and replication 
events [8], including slip-outs associated with trinucleotide repeat disorders [9], these junctions 
are components in DNA-based nanostructures [10, 11] and are utilized in bioengineering 
applications, such as protein detectors [12], diagnostic assays [13], and cancer-targeting 
therapeutic agents [14].  
Fully complementary 3WJs primarily adopt a static, trigonal planar conformation without 
coaxial stacking [15] and display some flexibility in the relative positioning of the junction arms 
[16-18]. The presence of single-stranded domains, such as single mismatches, tandem mismatches, 
bulges, and internal loops, locally destabilize neighboring helical structure [19-23]. Bulges within 
helical domains can induce a flexible hinge conformation in which the helical domains becomes 
increasingly bent as the size of the bulge expands [24-26]. The insertion of an internal bulge within 
the 3WJ core has profound effects on its folding as it expands the conformational capabilities of 
DNA and RNA junctions [6, 27-33]. In the absence of divalent metal ions, bulged 3WJs can sample 
multiple conformations that have nanosecond lifetimes and can regulate interhelical charge 
transport through the junction [34, 35]. In the presence of divalent metal cations, which stabilize 
structure formation in nucleic acids, bulged 3WJs can fold into two coaxially stacked arrangements 
(conformers) that differ in terms of the identities of the stacked domains and the polarity of the 
bulge strand [28, 32]. The sequence and local organization in the 3WJ core specifies conformer 
selection [29]. Experimental observations suggest that 3WJs predominantly favor a single 
conformer, although structural and electrophoretic studies of bulged 3WJs have proposed that 
some 3WJ sequences may fold into both conformers [29, 36, 37]. This folding behavior of DNA 
3WJs would seemingly contrast with the behavior of DNA four-way junctions (4WJs), which can 
be mobile and readily undergo structural transitions between different coaxial stacking 
arrangements of its four helical domains [38-42].    
Single-molecule methods have proved effective to detect transient intermediates and 
provide discrete signals for the simultaneous measurement of asynchronous biomolecular events, 
such as DNA·protein interactions [43, 44], conformational changes in structured nucleic acids [39, 
45], and catalysis [46]. These methodologies have significantly advanced the understanding of the 
folding principles that govern the formation and dynamics of structured nucleic acids [39, 46, 47]. 
Specifically, single-molecule fluorescence resonance energy transfer (smFRET) serves as a 
spectroscopic ruler that can measure nanometric changes in interdomain distances with 
millisecond time resolution. For smFRET measurements, the fluorescent dyes Cy3 and Cy5, which 
function as a FRET pair with Cy3 as the donor and Cy5 as the acceptor in the non-radiative energy 
transfer mechanism, are incorporated into specific locations within individual biomolecules for 
concurrent imaging of two fluorescent signals from individual immobilized molecules [48]. The 
work here presents the first reported application of smFRET to examine the folding of bulged, 
DNA 3WJs. Using a combination of ensemble FRET and smFRET approaches, the Mg2+-
dependent folding for a series of 2-nt bulged, DNA 3WJs with varying core sequences and bulge 
compositions was studied. The series of fluorescently labeled 3WJ constructs produces two distinct 
FRET populations that are consistent with two coaxially stacked conformers. Although most of 
the junctions fold into a single, static conformer, one notable sequence measurably populates both 
conformers and displays stochastic transitions between the two conformer states. In addition, the 
pyrimidine content of the bulge influences the conformer preference. These findings demonstrate 
that bulged DNA 3WJs can exhibit complex, sequence-dependent, structural dynamics similar to 
other branched DNA structures. 
 
MATERIALS AND METHODS 
Materials and 3WJ sequences 
All oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, 
IA) with PAGE purification. The concentrations of all oligonucleotides were determined from the 
260-nm absorbance values by UV spectrophotometry using the single-stranded extinction 
coefficients. Each 3WJ was assembled from three oligonucleotide strands: a, b, and T. To reduce 
the number of oligonucleotides for assembly of the junctions, the distal end of domain B relative 
to the junction is terminated by a CTTG hairpin loop. Strands a and b contain domains A and C 
and domains A, B, and C, respectively, for the 3WJ constructs. The tether strand (T) for 
immobilization is complementary to a 14-bp tethering domain within the b strand. The T strand is 
5’ labeled with the fluorescent dye Cy3 and 3’ biotinylated. The b strand is 5’ labeled with the 
fluorescent dye Cy5. The following sequences were used: 
T: 5'-/Cy3/GGGATATCGCGATTCTGCTGTACG/biotin-3' 
J1a: 5'-AATCGCGATATCCCTTCTCATAGCCTACCCCCGCTGTAGC/Cy5-3' 
J1b: 5'-GCTACAGCGGGGCGTCGCATCGTCTTGACGATGCGACGTTGTAGGCTATGAG-3' 
J3a: 5'-AATCGCGATATCCCTTCTCATAGCCTAGCGCCGCTGTAGC/Cy5-3' 
J3b: 5'-GCTACAGCGGCGCGTCGCATCGTCTTGACGATGCGACGTTCTAGGCTATGAG-3' 
 
J5a: 5'-AATCGCGATATCCCTTCTCATAGCCTACCACCGCTGTAGC/Cy5-3' 
J5b: 5'-GCTACAGCGGTGCGTCGCATCGTCTTGACGATGCGACGTTGTAGGCTATGAG-3' 
J8a: 5'-AATCGCGATATCCCTTCTCATAGCCTGCCACCGCTGTAGC/Cy5-3' 
J8b: 5'-GCTACAGCGGTGCGTCGCATCGTCTTGACGATGCGACGAAGCAGGCTATGAG-3' 
J11a: 5'-AATCGCGATATCCCTTCTCATAGCCTGCCACCGCTGTAGC/Cy5-3' 
J11b: 5'-GCTACAGCGGTGCGTCGCATCGTCTTGACGATGCGACGTTGCAGGCTATGAG-3' 
J12a: 5'-AATCGCGATATCCCTTCTCATAGCCTGCCACCGCTGTAGC/Cy5-3' 
J12b: 5'-GCTACAGCGGTGCGTCGCATCGTCTTGACGATGCGACGGCAGGCTATGAG-3' 
 
Sample preparation for ensemble and smFRET experiments 
For the ensemble FRET experiments, the 3WJs were assembled by annealing equimolar 
concentrations of the three strands (a, b, and T) for a final 3WJ concentration of 10 µM. The 
annealing conditions were 50 mM Tris-Cl (pH 8.0), 50 mM NaCl, and 10 mM MgCl2. The samples 
were heated to 95 °C in a thermocycler for two minutes and slowly cooled to room temperature. 
Stepwise assembly of the 3WJs was confirmed with by 5% agarose gel electrophoresis (89 mM 
Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) with SYBR Green I staining.  
 For the smFRET experiments, the 3WJs were assembled by annealing the appropriate 
strands at a a:b:T strand ratio of 3:9:1 in which the T strand concentration was 1 µM. The annealing 
conditions were 50 mM Tris-Cl (pH 8.0), 50 mM NaCl, and 10 mM MgCl2. The samples were 
heated to 95 °C in a thermocycler for two minutes and slowly cooled to room temperature. 
 
Steady-state fluorimetry 
For the ensemble FRET experiments, the final 3WJ concentration for the samples during 
the measurements was 10 nM. The measurement conditions were 25 mM Tris-Cl (pH 8.0) and the 
indicated Mg2+ concentration. For the Mg2+-free measurements, 1 mM EDTA was included in the 
solution to chelate free Mg2+. The data were acquired with a PTI Quantamaster 400 (Horiba 
Scientific) using quartz cuvettes at 25 °C. The excitation wavelength was 515 nm with an emission 
scan from 560 – 750 nm. Excitation and emission intensity corrections were applied, and 
background was acquired from a 10-second scan. The FRET efficiency (EFRET) was calculated 
using the (ratio)A method [49] and calculated as  
(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝐴𝐴 =  ∫ (Φ𝐶𝐶𝐶𝐶5(𝜆𝜆𝑒𝑒𝑒𝑒 = 515) − N ∗ Φ𝐶𝐶𝐶𝐶3(𝜆𝜆𝑒𝑒𝑒𝑒 = 515)750620 )𝑑𝑑𝜆𝜆𝑒𝑒𝑒𝑒
∫ (Φ𝐶𝐶𝐶𝐶5(𝜆𝜆𝑒𝑒𝑒𝑒 = 610)750620 𝑑𝑑𝜆𝜆𝑒𝑒𝑒𝑒  ,                        (1) 
where Φ𝐶𝐶𝐶𝐶5(𝜆𝜆𝑒𝑒𝑒𝑒 = 610) and Φ𝐶𝐶𝐶𝐶3(𝜆𝜆𝑒𝑒𝑒𝑒 = 515) represent the Cy5 and Cy3 fluorescence reference 
spectra, respectively; Φ𝐶𝐶𝐶𝐶5(𝜆𝜆𝑒𝑒𝑒𝑒 = 515) is the doubly labeled, Cy3,Cy5 fluorescence scan of the 
sample; N is a scaling factor that matches the Cy3 reference spectrum with that component of the 
sample spectrum. The FRET efficiency (EFRET) is calculated as 
𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = εCy5(610) ∗ (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)𝐴𝐴 −  εCy5 (515)εCy3 (515)  ,                                                (2) 
The following extinction coefficients were used: εCy5 (610 nm) = 9.3 x 104 M-1 cm-1, εCy3 (515 nm) 
= 9.6 x 104 M-1 cm-1, and εCy5 (515 nm) = 5.6 x 103 M-1 cm-1 [50, 51]. Each junction was separately 
prepared and measured three times. The Mg2+-dependent FRET data were fit to the following two-
state model for metal ion-dependent folding according to [6]: 
𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐸𝐸𝑜𝑜 + ∆𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐾𝐾𝐴𝐴[𝑀𝑀𝑀𝑀2+]𝑛𝑛1 + 𝐾𝐾𝐴𝐴[𝑀𝑀𝑀𝑀2+]𝑛𝑛  ,                                            (3) 
where Eo is the minimum FRET value, ΔEFRET is the change in FRET at saturating Mg2+ 
concentration, [Mg2+] is the magnesium concentration, n is the cooperativity, and KA is the 
apparent association constant. The half-maximum Mg2+ concentration is calculated as 
[𝑀𝑀𝑀𝑀2+]1/2 = (1/𝐾𝐾𝐴𝐴)1/𝑛𝑛. The model parameters were determined from the experimental data by 
nonlinear regression using OriginPro (OriginLab, Northampton, MA). 
 
Single-molecule fluorescence microscopy 
For the smFRET experiments, the assembled DNA 3WJs were immobilized to quartz slides 
(Technical Glass, OH) functionalized through successive addition of biotinylated bovine serum 
albumin (0.5 mg/mL) and streptavidin (0.1 mg/mL). The DNA molecules were immobilized at a 
tether concentration of 10 pM in 10 mM Mg2+ and 25 mM Tris·Cl (pH 8.0). The experiments were 
performed by prism-based, total internal reflection fluorescence imaging with an Olympus IX-83 
inverted microscope using a 60X water objective. The samples were separately excited with 532-
nm and 637-nm lasers (Coherent, Santa Clara, CA) to acquire the data and to confirm the presence 
of the Cy5 dye, respectively. To slow photobleaching, a deoxygenating imaging buffer comprising 
25 mM Tris·Cl (pH 8.0), 10 mM Mg2+, 0.8 mM Trolox, 8% glucose, 0.1 mg/ml glucose oxidase, 
and 0.04 mg/ml catalase was used. Data were acquired at 10 Hz with an Andor iXon DU897 
EMCCD (Andor Technologies, Belfast, UK) cooled to -60 °C. The emission signals from the Cy3 
and Cy5 dyes were simultaneously collected for each field of molecules by spatial separation onto 
different regions of the EMCCD through a series of dichroic mirrors (640-nm cutoff; Chroma 
Technologies, Bellow Falls, VT). The Cy3 and Cy5 emission signals corresponding to each 
molecule were correlated using an affine transformation previously determined from a control 
slide coated with fluorescent nanobeads as fiducial markers. The emission intensities for each dye 
were corrected for local background. Molecules were excluded from additional analysis based on 
the following criteria: (i) lack of Cy3 or Cy5 dye based on direct excitation of each dye, (ii) large 
FRET changes resulting from correlated changes in emission of Cy3 and Cy5, and (iii) insufficient 
total intensity above background. A FRET time trace was calculated for each molecule from the 
intensity time traces of the Cy3 and Cy5 signals (ID and IA, respectively) as  
𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹(𝑟𝑟) = 𝐼𝐼𝐴𝐴(𝑟𝑟) − 𝛽𝛽𝐼𝐼𝐷𝐷(𝑟𝑟)
𝐼𝐼𝐴𝐴(𝑟𝑟) +  𝐼𝐼𝐷𝐷(𝑟𝑟) ,                                                        (4) 
where β represents the correction factor for the fractional crossover of the Cy3 signal into the Cy5 
channel. SmFRET histograms were generated from multiple fields of views and were best fit by 
Gaussian distributions using Levenberg-Marquardt optimization with OriginPro. Kinetic analysis 
was performed using a custom, Python-based program. Cumulative, dwell-time histograms were 
constructed from the measured durations of hundreds of individual transition events. The 
conformer transition rates, kA/B→A/C and kA/C→A/B, were then determined from best fits to the dwell-
time histograms by the single-exponential rate equation 
𝑁𝑁(𝑟𝑟) = 𝑁𝑁𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡[1 − exp(−𝑘𝑘𝑟𝑟)],                                                     (5)                                            
where Ntotal is the total number of observed events. The fits were performed using a Levenberg-
Marquardt routine for nonlinear least squares minimization. 
 
RESULTS AND DISCUSSION 
Design of 3WJs for fluorescence studies 
Bulged 3WJs consist of three helical domains arranged around a branchpoint (i.e., junction 
core) with an internal, two-nucleotide bulge domain (Figure 1). In the presence of divalent metal 
cations, which are critical cofactors in the folding of structured nucleic acids [53], the helical 
domains become organized into two possible stacking arrangements. In the A/B conformer (Figure 
1, left side), helical domains A and B are coaxially stacked; while helical domains A and C are 
coaxially stacked in the A/C conformer (Figure 1, right side). In addition to dissimilar stacking 
partners, the conformers differ in the polarity of the bulge domain, which participates in a quasi-
hairpin loop  that terminates the unstacked domain [27]. Empirically derived rules from 
experimental studies successfully predict the stacking arrangement for many bulged 3WJs based 
on their core sequence [29]; however, the folding behavior of several 3WJs remains unclear [37].  
Figure 1. Secondary structure and labeling scheme for the fluorescently labeled, DNA 3WJs 
with two-nucleotide bulges. The three helical domains are colored coded as red (domain A), 
blue (domain B), and green (domain C). The core nucleotides are indicated as N’s and the bulge 
nucleotides are shown as X’s. Figure 2 shows the specific 3WJ core sequences. The central 
structure represents the open conformation. The left structure corresponds to the A/B stacking 
conformation. The right structure shows the A/C stacking arrangement. An extension to the C 
domain is partially complementary to a biotinylated tethering strand that position the donor dye 
(Cy3), proximal to domain C. Domain A is labeled with the acceptor dye, Cy5. Each stacking 
arrangement produces a distinct FRET signal due to the relative positioning of the fluorophore-
labeled arms. (Two columns) 
 
Here, fluorescent 3WJ constructs were devised so that each conformer would produce a 
distinct FRET signal to examine the structural dynamics of bulged 3WJs. Each helical domain in 
the 3WJs consists of 12 base pairs. A group of modifications were incorporated into the 3WJ 
constructs to prepare them for fluorescence study and single-molecule imaging. Domain C 
contains a 14-nt tether binding domain that is complementary to a biotinylated DNA tether for 
immobilization of the 3WJ constructs for smFRET imaging. The tethering domain is covalently 
labeled with the donor dye Cy3, and the dye location is proximal to the far terminal end of domain 
C with respect to the branchpoint. Domain B is 5’ end labeled with the acceptor dye Cy5. With 
this labeling scheme, the A/B conformer should produce a higher FRET state than the A/C 
conformer due to the relative positioning of the dye-labeled domains.  
The core sequences of the DNA 3WJs examined in the study are shown in Figure 2 and are 
largely based on previously studied 3WJs [31, 36, 54]. J1 shares the same core sequence as TWJ1 
with two thymines in the internal bulge at the branch point [31]. Structural studies show this 
junction adopts the A/B conformer with the unstacked domain C forming a 66° interdomain angle 
relative to domain A. The stacking arrangement agrees with predictions based on the empirically 
derived pyrimidine and loop rules [29]. The pyrimidine rule predicts that that the location of the 
pyrimidine C at the penultimate position in domain A for J1 favors the A/B conformer. The loop 
rule indicates that the stability of the quasi-hairpin loop 5’-C/TTG-3’ involving the bulge and 
Figure 2. Secondary structures of the DNA 3WJ cores used for the fluorescently labeled 
constructs. (Two columns)    
terminal base pair of domain C also favors the A/B stacked conformation. In contrast, J3, which 
has the same base content as J1 but two reversed GC base pairs in the A and C domains, forms the 
A/C stacked conformation, in agreement with predictions based on the reversed penultimate 
pyrimidine position in the A domain and the stability of the 5’-CTT/G-3’ hairpin involving the 
bulge and the unstacked B domain [54]. Previous work on 3WJs with the core sequences of J5, J8, 
and J11 indicate that these junctions may form mixed populations of the A/B and A/C conformers 
or partially folded states [29, 36]. Conformer predictions by the pyrimidine and loop rules do not 
agree for these sequences. Lastly, J12 has the same junction sequence as J11 but lacks the bulge, 
serving as a control for the open, unfolded conformation.  
 
Ensemble FRET studies show Mg2+-dependent, conformer folding for constructs 
Divalent metal cation, such as Mg2+, promote folding of structured nucleic acids by 
minimizing electrostatic repulsion to promote base-stacking interactions. In contrast to 4WJs, 
which have a metal binding pocket that facilitates folding [55], DNA 3WJs seem to lack a specific 
metal site, although recent crystal structures identified a metal-binding site in an RNA 3WJ [56]. 
Using ensemble FRET, the Mg2+-dependent folding curves for J1 and J3 were measured (Figure 
3). In the absence of Mg2+, both junctions have similar FRET efficiencies (EFRET), indicating that 
the positioning of the arms in the open conformation lacks any significant sequence dependence 
and is likely in a trigonal planar form. Upon Mg2+ addition, EFRET for J1 increases with Mg2+ 
concentration, consistent with this junction folding into the A/B conformer and the interdye 
distance between the dye-labeled domains decreasing (Figure 3A). In contrast, EFRET for J3 
decreases with increasing Mg2+, reflecting formation of the A/C conformer with the dye-labeled 
domains coaxially stacked. Fitting the data with a two-state binding model (Eq. 3), both junctions 
have similar half-magnesium concentrations for folding, [Mg2+]1/2 = 0.78 and 1.11 mM for J1 and 
J3,   respectively. The Hill coefficients (n) for both junctions are less than 1 (0.57 and 0.43 for J1 
and J3, respectively), indicating that folding is anti-cooperative and that Mg2+-promoted folding 
involves diffusely bound metal ions. These experiment confirm that the dye locations on the 
constructs produce distinguishable FRET signals at saturating Mg2+ conditions, consistent with the 
anticipated conformers for the 3WJs.  
 
Bulge sequence influences conformer folding 
Based on the responses of the dye-labeled 3WJs J1 and J3 to the changes in Mg2+ 
concentration, similar experiments were conducted for the remaining junctions. Table 1 
summarizes the EFRET values for all of the 3WJs at saturating Mg2+ condition (10 mM Mg2+). The 
junctions display a range of EFRET values. J5 behaves similarly to J3 with its EFRET value decaying 
with increasing Mg2+ to a similar EFRET as J3. This finding is interpreted as evidence that J5 folds 
Figure 3. Ensemble FRET results showing the dependence of the folding of the 3WJs A) J1 and 
B) J3 on the Mg2+ concentration. The solid symbol represents the Mg2+-free measurement. The 
error bars correspond to standard deviations from three independent measurements. The red 
line indicates the fit to the data by the two-state model given in Eq. 3 (R2 > 0.97).  (Two 
columns)  
A) B) 
to the A/C conformer. Interestingly, J11 has an intermediate EFRET value (0.197) that falls between 
the A/B and A/C conformer values, while J8 reaches the same EFRET as J1, indicative of the A/B 
conformer. J8 and J11 have the same core sequence but differ according to the bulge composition 
with J11 having a pyrimidine-rich (TT) bulge and J8 having a purine-rich (AA) bulge. This result 
contrasts with previous findings in which purine/pyrimidine bulge substitutions did not affect the 
conformer state; however, these junctions had lower GC content for the terminal base pairs in the  
core than the current study [27]. Considering that thermodynamic studies on duplexes show that 
A2 bulges are more destabilizing than T2 bulges [20, 57] and that unpaired purines have higher 
intrastrand stacking potential than thymines in single-stranded loops [58], the observed differences 
in the folding behavior for J8 and J11 suggest that the stabilities of the core and loop conformation 
may be additional factors that influence conformer selection. Lastly, the EFRET values for the fully 
complementary J12, which lacks a dinucleotide bulge, do not change appreciably from the Mg2+-
free value and are intermediate between the values observed for the two stacked conformers, 
indicating that it remains primarily in the trigonal planar form.  
 
Table 1. Summary of steady-state, ensemble 
FRET values for the three-way junctions at 
saturating Mg2+ concentration, 10 mM Mg2+. 
(One column). 
3WJ FRET 
J1 0.342 ± 0.027 
J3 0.104 ± 0.006 
J5 0.111 ± 0.007 
J8 0.337 ± 0.032 
J11 0.197 ± 0.014 
J12 0.171 ± 0.013 
 Bulged 3WJs predominantly fold into a single conformation 
The 3WJs were then examined by single-molecule FRET at saturating Mg2+ conditions for 
conformer folding (10 mM Mg2+). As a representative example of the A/B conformer, Figure 4A 
shows the smFRET time traces for J1, which displays a static, high FRET signal without detectable 
transitions. Conversely, the trace for J3, as a representative 3WJ for the A/C conformer has a 
distinctly lower FRET signal than the J1 trace and similarly does not display any transitions (Figure 
4B). SmFRET histograms were constructed from the accumulated FRET behavior of hundreds of 
individual 3WJs for the different cores. Both A/B conformers, J1 and J8, have unimodal 
populations with high median FRET values of 0.81 (σ = 0.10) for J1 (Figure 4C) and 0.82 (σ = 
0.09) for J8 (Figure S1B), based on single-peak Gaussian fits. Similar analysis for the two A/C 
A) C) 
Figure 4. Single-molecule FRET analysis of DNA 3WJs. Representative FRET time traces for 
A) J1 and B) J3. The smFRET histograms for C) J1 (Nmol = 233) and D) J3 (Nmol = 219). The 
red line represents the single-peak Gaussian fit to the histogram (R2 > 0.99). (Two columns)  
B) D) 
conformers yielded significantly lower median FRET values, 0.24 (σ = 0.10) for J3 (Figure 4D) 
and 0.20 (σ = 0.11) for J5 (Figure S1A). The fully complementary J12 had a median FRET that 
was slightly larger than the A/C conformers with a value of 0.32 (σ = 0.09) (Figure S1C). The 
findings are consistent with the ensemble FRET experiments in that saturating Mg2+ concentration 
induces the fully folded conformations for the two junctions and that the dye label positions for 
these constructs generate distinct FRET signals reflecting the organization of the stacked domains. 
Treating J1 and J3 as representative examples of the A/B and A/C conformers, respectively, the 
high FRET peak of J1 is assigned to the A/B conformer, and the low FRET peak of J3 is assigned 
to the A/C conformer. The ensemble FRET values are systematically lower than the smFRET 
values. These differences largely arise from the 1) the detection of discrete signals from individual 
dyes on immobilized molecules compared to the large sample volume for the ensemble 
measurements and 2) the ability to minimize artefacts (e.g., incomplete junctions, unincorporated 
dyes, and missing dyes) from the single-molecule data during processing. 
The accurate smFRET values were then used to extract structural information about the 
conformers. FRET changes with interdye distance according to [48]: 
𝐹𝐹𝐹𝐹𝐸𝐸𝐹𝐹 = 11 + �𝐹𝐹 𝐹𝐹𝑜𝑜� �6   ,                                                           (6) 
where Ro is the Fӧrster radius of 5.6 nm for the Cy3,Cy5 FRET pair. Although dye orientation and 
dye linker lengths complicate a strict interpretation of the FRET-derived distances, the values from 
these calculations can provide reasonable estimates of the physical characteristics. For the A/B 
conformer of J1, the dye-labeled domains A and C are not stacked; therefore, a simple geometric 
model is invoked with domain C positioned at some interdomain angle (θ) away from domain A 
with respect to the coaxial stacking axis of domains A and B (Figure S2). Considering that domains 
A and C have 12-bp lengths, the FRET-derived, interdye distance of 4.4 ± 0.5 nm yields an 
interdomain angle of θ = 64 ± 7°, in close agreement with the previously reported value of 66° 
[29]. The fully complementary 3WJ, J12, yields an interdomain angle of θ = 102 ± 10°, consistent 
with the expectation for the trigonal planar conformation. Based on Eq. 6, the median FRET value 
from J3 for the A/C conformer equates to a distance of 6.7 ± 1.0 nm. This value approximates the 
expected end-to-end distance of a pair of coaxially stacked, 12-bp DNA helical domains with a 
pitch of 0.34 nm/bp. The structural information derived from the smFRET data for the two, 
coaxially stacked conformers agrees with solution structures [54] and validates the conformer 
interpretations of the smFRET experiments.    
 
J11 exhibits dynamic transitions between A/B and A/C conformers 
The ensemble FRET experiments with J11 indicate that its folding behavior deviates from 
the static conformers of the other bulged 3WJs, suggesting that J11 adopts multiple conformations 
or some partially folded state. In contrast to the static behavior observed for the other bulged 3WJs, 
the smFRET time traces for J11 at 10 mM Mg2+ display well-resolved, anti-correlated transitions 
in the Cy3 and Cy5 emission intensities (Figure 5A). The resulting smFRET traces show well-
defined, stochastic transitions between two distinct FRET states (Figure 5B). The smFRET 
histogram shows that J11 exists as an equilibrium mixture of two populations, a large peak centered 
at a FRET value of 0.20 (σ = 0.10) and a smaller peak at 0.71 (σ = 0.19). Based on the similarities 
of the peak locations to the J1 and J3 measurements, the low-FRET peak for J11 represents the 
A/C conformer, and the high-FRET peak corresponds to the A/B conformer. J11 represents the 
first identified 3WJ that can stably populate the A/B and A/C conformers. The slightly lower 
median FRET value and larger width of the high FRET population compared to that observed for 
J1 suggests that domain C for the A/B conformer of J11 is in a more open position (larger 
interdomain angle θ) and has greater conformational flexibility than the J1 conformer. 
The transitions in the smFRET traces indicate that J11 unfolds to the open conformation 
and then refolds into one of the conformers as a stochastic process. The lack of a middle FRET 
population suggests that although refolding may occur through the open conformation, it is an on-
pathway intermediate that is not measurably populated on our observation timescale (100-ms 
resolution). To determine the conformer transition rates, cumulative, dwell-time histograms were 
constructed from the measured durations of individual transition events. Fitting the histograms 
A) C) 
Figure 5. Single-molecule FRET analysis of J11. A) Representative time trace showing the Cy3 
and Cy5 intensities. B) smFRET trace determined from intensity traces by Eq. 4. C) The 
smFRET histogram for J11 (Nmol = 163). The red lines represent the two-peak Gaussian fit to 
the histogram, and the blue line is the cumulative fit (R2 > 0.99). D) Normalized, cumulative 
dwell-time histograms for the A/C (□) and A/B (○) conformers. The solid red lines represent 
the best fits by single exponential rate equations (Eq. 5), yielding rate constants of kA/C→A/B = 
0.49 s-1 and kA/B→A/C = 2.51 s-1. (Two columns)   
B) D) 
with single-exponential rate equations (Eq. 5) gives conformer transition rates of kA/C→A/B = 0.49 
s-1 and kA/B→A/C = 2.51 s-1. These rates correspond to lifetimes of ~ 2 s for the A/C conformer and 
0.4 s for the A/B conformer. From the rates, an equilibrium constant of the A/B conformer relative 
to the A/C conformer is calculated as 𝐾𝐾𝑒𝑒𝑒𝑒 = 𝑘𝑘𝐴𝐴/𝐶𝐶→𝐴𝐴/𝐵𝐵 𝑘𝑘𝐴𝐴/𝐶𝐶→𝐴𝐴/𝐵𝐵�  and yields a value Keq of 0.2. 
According to ∆𝐺𝐺𝑜𝑜 = −𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅𝐾𝐾𝑒𝑒𝑒𝑒, this equilibrium value reflects a free energy difference of ~1 
kcal/mol between the two stacked conformations. Figure 6 illustrates the energetic and domain-
stacking differences for J11 with the A/C conformer as the more energetically favorable state. 
With insight from the smFRET experiments that J11 can exist as an interconverting 
population of A/B and A/C conformers at 10 mM Mg2+, the ensemble FRET (EFRET) value for J11 
should represent a mixture of the EFRET values for the A/B and A/C junctions. To test this, the 
EFRET value for J11 was treated as a conformer fraction-weighted, linear combination of the EFRET 
values for J1 and J3. This analysis gives an A/C conformer fraction of 0.4 and a Keq of 0.6, which 
is comparable to the direct observation by smFRET, highlighting the capability of single-molecule 
methods to detect multiple populations and resolve ensemble values.   
Previous work revealed that bulged 3WJs can sample different conformations on the 
nanosecond timescale in the absence of divalent metal ions [34, 35]. The findings here further 
demonstrate the stabilizing effect of divalent metal ions on the folding behavior of structured 
nucleic acids [39, 53, 59, 60]. Mg2+ stabilizes DNA 3WJ conformers but can permit structural 
rearrangements that switch the helical stacking partners. Interestingly, the observed 
interconversion rates for J11 are comparable to the transition rates observed in 4WJs that involve 
the exchange of stacking partners under similar Mg2+ concentrations [39, 42, 52]. The presence of 
the bulge domain likely increases the flexibility at the junction, and these unpaired nucleotides 
participate in stacking interactions within the core that specify the preferred stacked conformers. 
 CONCLUSIONS 
DNA nanostructure formation relies on the accurate self-assembly of single-stranded DNA 
into ordered domains that become organized into complex, three-dimensional structures [10]. 
Helical junctions, such as 3WJs and 4WJs, serve architectural roles to arrange and stabilize these 
domains. The work presented here shows that 3WJs can also be dynamic elements and that the 
presence of a small single-stranded domain can enhance the conformational entropy of 3WJs. The 
insertion of bulge domains within the 3WJ core allows the junction to switch between two globally 
similar conformations that differ according to the identities of the coaxially stacked domains. The 
sensitivity of conformer selection by the 3WJs to the core and bulge sequences indicates that 
additional work is required to develop more robust understanding of the complex interactions 
among the terminal and penultimate base pairs and the bulge nucleotides. 3WJs can be engineered 
Figure 6. Free energy diagram illustrating the 
relative positioning of the three domains for 
the A/C and A/B conformers and the free 
energy differences between them for J11. The 
cylinders represent the helical domains with 
the same color scheme as in Figure 1. 
(One column) 
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such that the interdomain angles, coaxially stacking partners, and conformational switching 
behavior can be specified by the sequence design of the junction. In addition, the findings further 
illustrate how single-stranded domains can expand the structural capabilities of helical domains 
and will support improvements in the folding principles that guide the rational design of functional 
DNA nanostructures.  
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